Saccharomyces cerevisiae possesses a transient receptor potential (TRP) channel homolog TRPY1 in its vacuolar membrane, considered to be an ancestral TRP channel. So far, studies have focused on the channel properties of TRPY1, but its regulation and physiologic role remained to be elucidated. Here, we investigated TRPY1 channel function in vitro and in vivo. Patch-clamp recording of TRPY1 in yeast vacuolar membranes showed that Ca 2+ on the lumen side inhibited TRPY1-mediated channel activity, whereas luminal Zn 2+ increased the currents. TRPY1 was activated in the presence of a reducing agent, 2-mercaptoethanol. The cysteine at position 624 was identified as the target for this activating action. This activation was independent of the presence of cytosolic Ca 2+ . The amplitude of TRPY1-mediated current was reduced by addition of phosphatidylinositol 3-phosphate on the cytosolic side but not by phosphatidylinositol (PI) or phosphatidylinositol 3,5-phosphate. Measurement of the transient Ca 2+ increase in response to hyper-osmotic shock in several yeast mutants defective in different steps of the PI phosphate biogenesis pathway supported this interpretation. Addition of a microtubule inhibitor strongly decreased the transient cytosolic Ca 2+ increase upon hyper-osmotic shock. Taken together, the data indicate that the vacuolar TRPY1 Ca 2+ channel mediates the perception of cytosolic signals that were induced by external changes in osmolarity, and participates in the modulation of cytosolic calcium signaling through Ca 2+ release from the vacuole to maintain intracellular Ca 2+ homeostasis in yeast.
Saccharomyces cerevisiae possesses a transient receptor potential (TRP) channel homolog TRPY1 in its vacuolar membrane, considered to be an ancestral TRP channel. So far, studies have focused on the channel properties of TRPY1, but its regulation and physiologic role remained to be elucidated. Here, we investigated TRPY1 channel function in vitro and in vivo. Patch-clamp recording of TRPY1 in yeast vacuolar membranes showed that Ca 2+ on the lumen side inhibited TRPY1-mediated channel activity, whereas luminal Zn 2+ increased the currents. TRPY1 was activated in the presence of a reducing agent, 2-mercaptoethanol. The cysteine at position 624 was identified as the target for this activating action. This activation was independent of the presence of cytosolic Ca 2+ . The amplitude of TRPY1-mediated current was reduced by addition of phosphatidylinositol 3-phosphate on the cytosolic side but not by phosphatidylinositol (PI) or phosphatidylinositol 3,5-phosphate. Measurement of the transient Ca 2+ increase in response to hyper-osmotic shock in several yeast mutants defective in different steps of the PI phosphate biogenesis pathway supported this interpretation. Addition of a microtubule inhibitor strongly decreased the transient cytosolic Ca 2+ increase upon hyper-osmotic shock. Taken together, the data indicate that the vacuolar TRPY1 Ca 2+ channel mediates the perception of cytosolic signals that were induced by external changes in osmolarity, and participates in the modulation of cytosolic calcium signaling through Ca 2+ release from the vacuole to maintain intracellular Ca 2+ homeostasis in yeast.
Introduction
Yeast (Saccharomyces cerevisiae) has been used as a model eukaryote to study the molecular mechanisms of the response to various types of external stresses. The genome of yeast contains a single gene encoding a transient receptor potential (TRP) channel, TRPY1 (previously named YVC1). Its gene product, TRPY1, is localized in the vacuolar membrane [1, 2] . TRPY1 is non-essential for yeast growth; however, it is important for the movement of cations across the vacuolar membrane [1, 3, 4] . Since the vacuole can occupy a large volume within the yeast cell, it can be assumed that TRPY1 plays an important role for intracellular ion homeostasis and stress adaptation in response to environmental changes. An earlier study on the TRPY1
Abbreviations BAPTA, O,O 0 -Bis (2-aminophenyl) ethyleneglycol-N,N,N 0 N 0 -tetraacetic acid; DTT, dithiothreitol; FM4-64, N-(3-triethylammoniumpropyl) -4-(6-(4-(diethylamino) phenyl)hexatrienyl)pyridinium dibromide; ME, 2-mercaptoethanol; PI(3)P, phosphatidylinositol 3-phosphate; PI(3,5)P 2 , phosphatidylinositol 3,5-phosphate; PI(4)P, phosphatidylinositol 4-phosphate; PI, phosphatidylinositol; TRP, transient receptor potential.
channel conducted by bilayer fusion and patch-clamping revealed that TRPY1 is activated dramatically in the presence of millimolar concentrations of Ca 2+ or of a reducing agent such as dithiothreitol (DTT) in the cytoplasm [3, 4] . Patch-clamp studies showed that TRPY1 is activated both by mechanical-stretch and aromatic compounds such as indole [5] [6] [7] . Unlike the corresponding wild-type (WT) strain, a Δtrpy1 mutant did not respond by increasing cytosolic Ca 2+ when exposed to osmotic upshock [8] . In wild-type yeast, large cation currents were detected in the vacuolar membrane, and deletion of TRPY1 resulted in strong reduction of these currents [1, 9] . The Δtrpy1 strain has been used to heterologously express and characterize plant vacuolar transport proteins [9] [10] [11] [12] , an ascomycete TRP channel homolog [13] and a human endolysosomal channel [14] .
Transient receptor potential channels are conserved cation channels found in most eukaryotes although they seem to be absent in higher plants [15] . Most TRPs are Ca 2+ permeable channels, and the overall structure of TRPs resembles that of Shaker channels [2, 16] . The canonical TRP protein forms a tetramer, where each polypeptide consists of six membranespanning domains and the putative ion conducting pore is located between the fifth and sixth transmembrane domain [17] . The yeast TRP homologous protein, TRPY1 shares the same predicted membrane topology and some of the regulatory sites located in the cytosolic C-terminal region [7] . However, TRPY1 has relatively low overall sequence homology with other TRPs [17] . The TRP channel family comprises seven subfamilies [18] . TRPs are regulated by Ca 2+ alone or by calmodulin, as well as by phosphatidylinositol phosphates. TRPs respond to environmental changes, turgor pressure, temperature, pH, and reactive oxygen species [2, 19, 20] . The N-terminal and C-terminal cytosolic regions of TRPs contain regulatory domains, such as ankyrin-like repeat motifs, potential calmodulin-binding sites, EF-hand motifs, PIP 2 -binding sites, and kinase domains [21, 22] . The various types of regulatory domains in TRPs reflect their function as multimodal sensor channels. In TRPY1, the C-terminal region contains a hydrophobic residue-rich domain and a stretch of four negatively charged aspartate residues (DDDD) which might serve as Ca 2+ -binding site. Examination of TRPY1 variants with deletions or insertions in the C-terminal region showed that these domains are needed for correct channel function [7] .
To gain further insight on the TRPY1 channel at a molecular level, we examined its electrophysiologic features by patch-clamping of yeast vacuolar membranes.
We analyzed the role of cytosolic residues in sensing reducing reagents and for the regulation of channel activity by phosphatidylinositol (PI) phosphates. In addition, we studied transient Ca 2+ increases following hyper-osmotic shock in the WT and in several yeast mutants, and the role of the cytoskeleton in TRPY1 activation. Our data revealed that TRPY1 contributed to control and transmission of cytosolic calcium signals in response to hyper-osmotic changes in the environment.
Results

Patch-clamp recording of TRPY1 in the yeast vacuolar membrane
Members of the TRP family share common channel properties, such as Ca 2+ -induced activation and nonselective cation permeability [18] . S. cerevisiae contains one TRP family member, TRPY1 which shows Ca 2+ transport activity in the vacuolar membrane [1, 2, 8] . To analyze the functional properties of TRPY1 in detail, we performed patch-clamp recording of TRPY1 currents in yeast vacuolar membranes, in whole-vacuole configuration [9] [10] [11] [12] [13] [14] . We observed K + and Na + currents in vacuoles isolated from the WT strain in the presence of 1 mM Ca 2+ in the bath solution. These Ca 2+ -activated cation currents were not detected in vacuoles isolated from the Dtrpy1 cells (Fig. 1A,B) . To examine the ion selectivity of the TRPY1 channel, we modified the cationic composition of the bath buffer and recorded the resulting currents (Fig. 1B) . The TRPY1 channel was not highly selective for K + but showed a preference for K + over Na + . Ionic substitution experiments determined a conductance sequence of K + > Na + > Ca
2+
. When the vacuolar membrane potential in the WT was depolarized, the amplitude of the TRPY1-mediated current decreased slowly (Fig. 1A) , showing a timedependent inactivation. The activity of TRPY1 was highest at a cytosolic pH of 7.5 compared with pH 5.5 and 9.0 (Fig. 1C) . Therefore, all further experiments were performed at pH 7.5. Measurement using a voltage-ramp protocol showed that the peak current amplitude decreased when the voltage ramp speed was slower (Fig. 1D,F We performed inside-out excised patch-clamp recording to examine the effect of luminal Ca 2+ on TRPY1 activity ( Fig. 2A) . Presence of 1 mM CaCl 2 in the pipette solution (cytosolic side) led to activation of TRPY1 as expected, whereas the single channel current conducted by TRPY1 disappeared when 1 mM CaCl 2 was added to the bath solution (vacuolar lumen side). In our experiments, a pipette solution containing more than millimolar concentrations of CaCl 2 (lumen side) prevented the formation of the whole-vacuole configuration. The reason for this is unclear. On the other hand, addition of ZnCl 2 to the pipette solution did not interfere with the formation of the wholevacuole configuration. Yeast vacuoles are known to act as zinc storage compartments [23] . Therefore, the effect of Zn 2+ in the pipette solution (vacuolar lumen side) on TRPY1 activity was analyzed by patch-clamp recording in whole-vacuole configuration. The presence of Zn 2+ on the vacuolar lumen side (0.5 mM) resulted in TRPY1 currents and enhanced the outward rectification of the channel (Fig. 2B ). These data indicate that TRPY1 was regulated by cations inside the vacuole. A negatively charged amino acid cluster consisting of four aspartate residues (DDDD) in the cytosolic C-terminal region of TRPY1 has been suggested to be a possible cytosolic Ca 2+ -binding site, since deletion of 11 residues containing DDDD decreases the Ca 2+ -dependent channel activity [7] . To test whether these residues are required for activation of TRPY1, all four aspartate residues were converted to asparagine residues. The mutated TRPY1 was still activated by Ca 2+ (Fig. 2C) , indicating that the negative charges of the DDDD sequence were not essential for Ca 2+ activation.
Potential site for TRPY1 activation by a reducing agent TRPY1 required high concentrations of cytosolic Ca 2+ for activation (Fig. 1A ) [3, 24] , but millimolar concentrations of Ca 2+ are far outside of the physiologic range. To activate TRPY1 under physiologic conditions, it is necessary to decrease the TRPY1 activation concentration of Ca 2+ . Many ion channels are modulated by the redox state of sulfhydryl groups [20] . Application of a reducing agent, DTT or 2-mercaptoethanol (ME), lowered the activating concentration of Ca 2+ for TRPY1 to a more physiologic range [4, 24] . Based on the predicted membrane topology of TRPY1 [7] , eight cysteine residues are located in the cytoplasm. To identify which cysteine residues are required for activation of TRPY1 by a reducing agent, we replaced individual cysteine residues with serines, expressed the resulting variants (C17S, C61S, C79S, C104S/C132S, C179S/C191S, C624S) in the Δtrpy1 strain and performed patch-clamp recordings on isolated giant vacuoles ( Fig. 3A-H TRPY1 to a similar degree as when 1 mM CaCl 2 was added instead of ME (Fig. 3B) . The same was also true for all of the cysteine variants ( Fig. 3B-G) , except for C624S. In the C624S variant, addition of ME to the bath solution resulted in currents with an amplitude as low as those recorded under control conditions (neither CaCl 2 nor ME) (Fig. 3H) . Similar expression of all variants was confirmed by immunoblot (Fig. 3I) .
Our results indicate that C624 is a potential site for activation by reducing agents. We examined the reason for the observed decrease in channel conductance of the C624S variant by patch-clamping vacuoles in the excised outside-out configuration. The open probability (Po) of WT and the C624S variant was 0.28 and 0.046, respectively ( Fig. 4A-D) . When 1 mM CaCl 2 was added to the bath solution (cytosolic side), WT and C624S variant showed 295 and 294 pS unitary conductance, respectively, under symmetric conditions ( Fig. 4E-G) . These values for single channel conductance were almost identical to 293-320 pS, the value for TRPY1 reported by several groups [1, 2, 6] . Thus, the difference in whole-vacuole current between WT and C624S variant is more likely due to a reduced channel opening probability for the C624S variant than a reduced single channel conductance.
Phosphatidylinositol 3-phosphate (PI(3)P) suppressed TRPY1 channel activity
Osmotic stress induces synthesis of phosphatidylinositol 3,5-phosphate [PI(3,5)P 2 ] in yeast [13, [25] [26] [27] . We previously reported that interactions with phospholipids influence the activity of a fungal TRP channel homolog, TRPGz [13] . We therefore used wholevacuolar patch-clamp techniques to investigate whether PI phosphates affected TRPY1 channel activity. TRPY1 channel activity was reduced by approximately 50% when PI(3)P was added to the cytosolic side. PI and PI(3,5)P 2 did not markedly alter TRPY1 activity (Fig. 5) . Next, we examined whether PI(3)P affected the cytosolic Ca 2+ increase upon hyper-osmotic stress in vivo. We introduced the aequorin Ca 2+ sensor into yeast mutant strains defective in genes encoding different PI kinases or phospholipase C (Fig. 6A,B) or PI phosphatases (Fig. 6C,D) to monitor changes in cytosolic Ca 2+ during hyper-osmotic shock (Fig. 6E ) [28] . WT and mutant strains Δlsb6 (PI4-kinase) [29] , Δvps34 (PI3-kinase) [30] , Δplc1 [PI(4,5)P 2 -specific phospholipase C] [31] showed hyper-osmotic stress-induced Ca 2+ increases (Fig. 6A,E) . In contrast, no cytosolic Ca 2+ increase was observed in the Δfab1 strain, which lacks PI(3)P5-kinase activity [32, 33] . Yeast mutant strains deficient in PI phosphatases ( Fig. 6C-E (Fig. 6C-E) . The response of the Δsac1 strain may be due to an accumulation of PI(3)P, PI(4)P and PI(3,5)P 2 . Taken together, it suggested that PI(3)P partially inhibited the TRPY1-mediated cytosolic Ca 2+ increase following hyper-osmotic shock.
In addition, we compared the morphology of the vacuole in the Δsac1 and Δfab1 cells with that in the Δtrpy1 cells by staining the vacuolar membrane with the lipophilic fluorescent dye FM4-64 (Fig. 7) . No significant difference between the WT and the Δtrpy1 cells was seen. Vacuoles in the Δsac1 strain were much smaller than those in the WT as reported by Tahirovic et al. [38] and they appeared to be in a condensed form that was not found in the WT. In contrast, the vacuoles in the Δfab1 strain were larger than those of the WT, consistent with the data by Dong et al. [33] . A lack of ability of the mutants to induce a transient cytosolic Ca 2+ increase in response to hyper-osmotic stress was not correlated with the observed changes in vacuole morphology.
Tubulin filaments correlate with hyper-osmoticstress-induced Ca 2+ release
Plasma membrane and organelles are tethered to each other via specific protein-protein interactions, and a large area of the plasma membrane is connected with organelles in this way [39] . For example, in animal cells, the ER is tethered to the plasma membrane by the interaction of the plasma membrane-localized Ca 2+ channel Orai1 and the ER membrane protein Stim1, which conducts store-operated Ca 2+ entry. The yeast vacuolar membrane is also connected to actin filaments below the plasma membrane via myosin protein MYO2 [40] . We speculated that the Ca 2+ release from the vacuole elicited by osmotic upshock might be mediated by the tether between the plasma membrane and the vacuolar membrane. To investigate whether the cytoskeleton may be involved in transducing the hyper-osmotic stress signal, WT, Δtrpy1 and Δcch1 cells expressing aequorin were treated with either nocodazole, a microtubule inhibitor or cytochalasin D, an actin polymerization inhibitor. CCH1 is a major Ca 2+ uptake channel in the plasma membrane of yeast [41] . To prevent Ca 2+ entry across the plasma variants. Cysteine residues predicted to be located in the cytoplasm were replaced by serines and these TRPY1 variants (C17S, C61S, C79S, C104S/C132S, C179S/C191S, and C624S), expressed in the Δtrpy1 strain and analyzed by patch-clamping. Wholevacuole current were elicited by a series of triangle pulse ranging from À80 to 100 mV and recorded in symmetric buffer, 100 mM KCl, 1 mM MgCl 2 , 200 mM sorbitol, 10 mM Tris-MES, pH 7.5 (black). The experiment was repeated after replacing the cytosolic buffer with the same buffer containing 1 mM CaCl 2 (blue) or 14 mM ME (red 
0 N 0 -tetraacetic acid (BAPTA) was added into the external solution. Treatment with cytochalasin D had no effect on the osmotic-stress-induced Ca 2+ release in the WT and the Δcch1 strain. Nocodazole addition decreased the aequorin-luminescent signal to less than one-third in both strains (Fig. 8) . As expected, no Ca 2+ increase was detected in the Δtrpy1 strain used as a negative control. The results indicate that tubulin filaments might participate in the hyper-osmotic-stress-induced activation of TRPY1 in the vacuolar membrane. They also confirm that 
CCH1-mediated transport of Ca
2+ across the plasma membrane is not required for Ca 2+ release from the vacuole in this response.
Contribution of TRPY1 to the survival of yeast cells during ER stress
Since the vacuole functions as a Ca 2+ -storage organelle, loss of TRPY1 activity may lead to a diminished supply of Ca 2+ to the ER. Tunicamycin is an N-linked glycosylation inhibitor that induces 'unfolded protein stress' or 'ER stress' by causing the accumulation of misfolded proteins. Tunicamycin-treated yeast cells require Ca 2+ to alleviate this stress [42, 43] . We compared the growth of WT and the Δtrpy1 strain in the presence of tunicamycin and BAPTA, which blocks Ca 2+ influx across the plasma membrane. Under these conditions, growth of the Δtrpy1 strain was slightly inhibited compared to the WT strain (Fig. 9) uptake channel, CCH1, had no effect on the Ca 2+ response under the same conditions (Fig. 8) . Although TRPY1 is nonessential for the growth of S. cerevisiae, this study indicates that TRPY1 is the main channel responsible for Ca 2+ release from the vacuole in response to hyper-osmotic shock. TRPY1 may therefore play a critical role in cytosolic Ca 2+ homeostasis, probably in combination with the Ca 2+ /H + antiporter, Vcx1 and the Ca 2+ -ATPase, Pmc1, which sequester Ca 2+ into the vacuole [2, 44, 45] . TRPY1 was activated by a reducing agent acting on Cys624 located in the C-terminal cytosolic region (Figs 3 and 4) and downregulated by PI(3)P (Figs 5-7) .
Since the first electrophysiologic planar bilayer measurements of yeast vacuolar channel activities [3], TRPY1 activation by cytosolic Ca 2+ has been confirmed in previous studies [1, 4] , as well as this one. Binding of Ca 2+ is considered to occur with the cytosolic C-terminal region of TRPY1 although the negatively charged DDDD sequence previously implicated as the Ca 2+ -binding site was not required for Ca 2+ binding (Fig. 2C) Fig. 5 . PI(3)P inhibited TRPY1 channel activity. Whole-vacuole current were elicited by a series of triangle pulse ranging from À70 to 90 mV and recorded in symmetric solution (100 mM KCl, 1 mM MgCl 2 , 200 mM sorbitol, 10 mM Tris-MES, pH 7.5). Whole-membrane currents were recorded 5 min after the addition of 1 mM CaCl 2 (black), 1 mM CaCl 2 + 10 lM PI(3,5)P 2 (blue), 1 mM CaCl 2 + 10 lM PI(3)P (red), or 1 mM CaCl 2 + 10 lM PI (green) to the solution (cytoplasmic side). Dioctanoyl (diC8) forms of PI(3,5)P 2 , PI(3)P and PI were used. All phosphoinositides contained short-chain fatty acids. 100 mM) in the vacuole to control zinc homeostasis [23] .
In the whole-vacuole patch-clamp configuration, Ca 2+ on the lumen side did not inhibit TRPY1 channel activity [1, 4] . However, when 1 mM Ca 2+ was supplied on the lumen side under our inside-out configuration, the ion current was inhibited ( Fig. 2A) . Block of TRPY1 by Ca 2+ on the lumen side ( Fig. 2A) accounted for the time-dependent current decrease elicited during voltageramps and evidenced by hysteresis that was not observed with the Δtrpy1 strain (Fig. 1D-L) . Although a higher Ca 2+ concentration in the pipette solution (lumen side) prevented establishment of the whole-cell mode configuration, 0.5 mM Zn 2+ in the pipette solution on the lumen side allowed formation of the wholevacuole configuration for patch-clamping, and resulted in currents with a modified rectification of the ion channel current (Fig. 2B) . Not only Ca 2+ but also Zn 2+ as another divalent cation in the vacuolar lumen affected TRPY1-mediated channel conductance. In plant cells, the fast vacuolar channel is inhibited by cytosolic and luminal Ca 2+ [46, 47] and by luminal Mg 2+ [48] . A similar modulation was recently found with the human TPC1 channel [49] . Moreover, the slow vacuolar (SV) channel is down-regulated by vacuolar Ca 2+ [48] . The difference in TRPY1 response to Ca 2+ and Zn 2+ (Fig. 2) suggested a multimodal physiologic modulation of TRPY1 in the yeast vacuole lumen since the vacuole contains an abundance of various divalent cations [23] .
Reactive oxygen species modulate Ca 2+ -permeable channels in animal and plant cells [50] [51] [52] and the redox state is known to modulate TRP activity. TRPM2 and TRPM7 are activated by H 2 O 2 [20] . TRPC5 and TRPV1 are activated through oxidative modification of cysteines [53] . In TRPY1, application of sulfhydryl-reducing agents, DTT and ME leads to activation [4] . These studies indicate that cysteine residues in the TRP channels are target sites for the reaction with oxidizing and reducing agents. A replacement of single Cys with Ser identified the Cys at position 624 as the one mediating ME-driven activation (Figs 3 and 4) . This cysteine residue is the only one in the predicted cytosolic C-terminal region, consisting of approximately 210 amino acids [1] . Seven additional Cys located in the N-terminal region were not sensitive to reducing reagents. In its C-terminal region, TRPY1 does not have a coiled-coil sequence which facilitates dimer assembly in other TRPs [13, 21] . It is possible that C624 is involved in dimerization, thereby regulating TRPY1 activity.
Several TRPs in animal cells are activated by PI(4,5) P 2 [19] and TRPV1 is bound to PI(3,4)P 2 [54] . The fungal TRP homologous channel, TRPGz is inhibited by PI(3)P and PI(3,5)P 2 bound to its C-terminal cytosolic domain [13] . TRPML1 is unequivocally activated by PI(3,5)P 2 [33] . These results indicate that phospholipids act as regulators for TRPs. The yeast Δfab1 mutant, that is deficient in phosphorylation of PI(3)P to PI(3,5)P 2, showed no increase in Ca 2+ in response to hyper-osmotic shock [33] , which was also confirmed in our study (Fig. 6A) . In consequence, it was plausible that TRPY1 was also activated by PI (3,5)P 2 . However, our results suggested two possible mechanisms, inhibition of TRPY1 by accumulation of PI(3)P and/or PI or its activation by PI(3,5)P 2 . The electrophysiologic recordings of TRPY1 revealed that PI(3)P reduced the TRPY1-mediated current, whereas PI(3,5)P 2 did not show marked increase in the current (Fig. 5) . Hence, the inhibition of TRPY1 by PI(3)P likely accounted for the lack of Ca 2+ release in the Δfab1 mutants. On the other hand, the lack of Ca 2+ increase after hyper-osmotic shock observed in the Δsac1 mutant is difficult to interpret since Sac1 is involved in multiple steps in the phospholipid synthesis pathway [34, 35, 36] , which also contains redundancy (Fig. 6C,D) . However, we cannot rule out the possibility that TRPY1 is activated by PI(3,5)P 2. Our data suggest a possible regulation of TRPY1 by PI(3)P in addition to the activation of TRPY1 by PI(3,5)P 2 [33] . The loss of cytosolic Ca 2+ increase in the Δsac1 strain supported the regulation of TRPY1 activity by PI phosphate derivatives in transmitting the signal of the external stimuli across the plasma membrane. A positively charged residue-rich sequence may serve as the PI(3,5)P 2 -binding site in TRPML1 and TRPGz [13, 33] . To directly show binding of PI(3)P or PI(3,5)P 2 to TRPY1, we attempted a protein-lipid overlay assay with the C-terminal cytosolic region of TRPY1 (last 156 amino acids) fused to the C-terminal end of Glutathione S-transferase as performed by Ihara et al. [13] . However, we were unable to obtain a positive signal for lipid binding in this assay. Thus, direct evidence of binding of PI(3)P or PI(3,5)P 2 to TRPY1 remains to be provided.
It has been proposed that the mechanosensitivity of TRPY1 is exerted by induction of membrane tension stretch and by cytosolic domains binding Ca 2+ [55] . The reduced amplitude of the cytosolic Ca 2+ increase upon hyper-osmotic shock after treatment with nocodazole suggested that stretch activation of TRPY1 might be conducted by membrane stretch force mediated via microtubulins of the cytoskeleton (Fig. 8) . The cytoskeleton participates in the regulation of the mechanosensitive channel, TRPP2 [56] . TRPV4, another TRP, likely interacts with tubulin beta 5 and annexin A2 [57] and TRPV1 contains a tubulin-binding motif. The cytoskeleton likely participated in transmitting the hyper-osmotic shock signal from outside of the cell to TRPY1 in the vacuolar membrane.
It is known that Ca 2+ alleviates ER stress elicited by tunicamycin application. Tunicamycin-induced Ca 2+ accumulation is mediated by an unidentified Ca 2+ entry system which is independent of the plasma membrane-located Ca 2+ channel, CCH1 which forms a complex with the stretch-activated Ca 2+ channel, MID1 [41, 58] . Growth of a mutant lacking the Golgilocalized Ca 2+ -ATPase, Pmr1 was inhibited by the addition of tunicamycin [59, 60] . This mutant also was defective in protein degradation in the ER. Ca 2+ entry across the plasma membrane and Ca 2+ release from organelles are both components of the signaling pathway resulting in alleviation of ER stress. The expression of the TRPY1 homologous gene in the fungus, Aspergillus fumigatus is upregulated by tunicamycin treatment [61] . In accordance with this, addition of tunicamycin and BAPTA to the medium resulted in growth inhibition of the Δtrpy1 strain (Fig. 9) . These data indicate that TRPY1 in its role as one of several Ca 2+ transporters in endosomal membranes may contribute to maintain intracellular Ca 2+ homeostasis in response to ER stress.
Materials and methods
Yeast strains and media
The S. cerevisiae strains used in this study are listed in Table S1 . Yeast mutants were purchased from GE Healthcare Dharmacon Inc (Lafayette, CO, USA). Yeast was grown in YPD medium (2% polypeptone, 1% yeast extract, 2% glucose), AHCW medium (1% casamino acid, 0.5% ammonium sulfate, 0.17% yeast nitrogen base without amino acids and ammonium sulfate, 2% glucose), or synthetic dextrose (SD) medium (0.67% yeast nitrogen base without amino acids, 2% glucose) supplemented with the appropriate amino acids or bases.
Plasmid construction
DNA encoding TRPY1 was PCR-amplified from yeast genomic DNA and cloned into the EcoRI and SalI sites of the pKT10 vector. The resultant plasmids were introduced into the WT or mutant yeast strains. Single or double amino acid substitutions in TRPY1 were introduced by two-step PCR. All PCR primers used in this study are listed in Table S2 .
Immunoblot analysis
Protein extracts of giant yeast strain SH1006 expressing wild-type TRPY1 or its variants were separated by electrophoresis on SDS-10% polyacrylamide gels, and then transferred to polyvinylidene fluoride membranes. Blots were probed using an anti-TRPY1-antibody previously generated [9] .
Preparation of giant yeast cells and isolation of giant yeast vacuoles
Giant yeast cells were prepared from yeast strain BJ5458 as described previously [9, 10] . Cells in mid-exponential phase (OD 660 = 1.0) were incubated for 10 min at 30°C in 0.1 M Tris-HCl (pH 9.4), 50 mM ME and 0. 
Electrophysiologic experiments
For electrophysiologic analysis, giant vacuoles prepared from the wild-type strain BJ5458 and the TRPY1-lacking yeast strain SH1006 were used. The whole-vacuole configuration was established by ZAP pulse (20 ms, 1.2 V). Currents were recorded using a patch-clamp amplifier CEZ2400 (Nihon-Kohden, Tokyo, Japan) and CHART 5 software (ADInstruments, Castle Hill, Australia) as described previously [9, 10] . All experiments were carried out using standard patch-clamp techniques at room temperature. During the recording, agar bridges containing 1 M KCl were used as the bath electrode. Composition of bath and pipette solutions is described in the figure legends. The voltages are given with reference to the cytosolic side of the membrane; therefore, positive currents represent cation efflux from cytosol to vacuole. Data were sampled with 1 kHz and filtered at 0.25 kHz. Vacuole staining with FM4-64 and fluorescence microscopy FM4-64 staining was carried out to examine vacuolar morphology according to the procedure described by Vida [62] . Yeast cells were grown in YPD medium, stained with 4 lM FM4-64 at 30°C for 20 min, and then incubated without the dye for 60 min. Fluorescence was observed using a confocal laser scanning microscope LSM780 (Zeiss, Jena, Germany) (excitation at 514 nm, emission at 600-660 nm), and images were acquired using ZEN software (Zeiss).
ER stress sensitivity assay
For the ER stress assay, WT and the Δtrpy1 strain were grown to mid-exponential phase in YPD medium at 30°C. Cells were collected by centrifugation, resuspended in water, and adjusted to OD 600 = 1.0. Five ll aliquots of 10-fold serial dilutions were spotted on YPD agar with 0.5 lgÁmL À1 tunicamycin and with or without 1 mM BAPTA and incubated at 30°C. 
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